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Coals a r e  va ry ing  and complex i n  t h e i r  chemical  s t r u c t u r e s .  Th i s  t y p e  of  
s i t u a t i o n  i s  c l a s s i c a l l y  s t u d i e d  by d e g r a d a t i v e  procedures  which reduce t h e  
complexi ty  t o  s i m p l e r  component p a r t s .  T h i s  has  been done wi th  c o a l  and f o u r  
d e g r a d a t i v e  methods have emerged t o  which w e  owe much o f  o u r  concep t s  of  c o a l  
s t r u c t u r e .  These a r e  ( a )  d e s t r u c t i v e  d i s t i l l a t i o n  of  c o a l  t o  benzene and p y r i d i n e  
d e r i v a t i v e s ,  (b)  a l k y l  t r a n s f e r  t o  phenol  and d e t e r m i n a t i o n  of t h e  a l k y l p h e n o l s ,  
( c )  l i q u i f a c t i o n  or s o l v e n t  r e f i n i n g  which r educes  MW from t h e  5000 t o  600 range,  
and (d)  o x i d a t i o n  w i t h  t h e  u s u a l  o x i d i z i n g  a g e n t s  (HNOQ, 0 2 ,  Mn VII, Cr VI) to 
produce benzene c a r b o x y l i c  a c i d s .  

We now i n t r o d u c e  a 5 t h  d e g r a d a t i o n  procedure.  T h i s  i s  o x i d a t i o n  w i t h  HZOZ i n  
TFA ( t r i f l u o r o a c e t i c  a c i d )  w i t h  or  wi thou t  a d d i t i o n  of  H2S04. ' T h i s  sys t em has t h e  
c a p a b i l i t y  o f  comple t e ly  d i s s o l v i n g  c o a l  t o  form c o l o r l e s s  or p a l e  brown s o l u t i o n s  
i n  which a l l  a r o m a t i c  s t r u c t u r e s  have been des t royed  and most of t h e  a l i p h a t i c  
s t r u c t u r e s  p re se rved  ( 1 , 2 ) .  The n a t u r e  of i t s  a c t i o n  is  i l l u s t r a t e d  by t h r e e  
examples .  Treatment  of p ropy lbenzene ,  i sop ropy lbenzene ,  and 1 ,2 -d ipheny le thane  b y  
t h e  u s u a l  o x i d i z i n g  a g e n t s  (HN03, 0 2 ,  Mn VII, Cr VI) l e a d s  t o  a t t a c k  a t  t h e  b e n z y l i c  
p o s i t i o n s ,  o x i d a t i v e  c l e a v a g e ,  and fo rma t ion  of benzo ic  a c i d .  In c o n t r a s t ,  t h e  
H2OZ-TFA-H2SO4 o x i d a t i o n s  a t t a c k  t h e  a r o m a t i c  r i n g s  l e a v i n g  t h e  b e n z y l i c  p o s i t i o n s  
v i r t u a l l y  untouched even when t e r t i a r y  a s  i n  i sop ropy l  and cyclohexyl  benzenes.  The 
p r o d u c t s  from t h e  t h r e e  examples  a r e  r e s p e c t i v e l y  b u t y r i c  a c i d ,  i s o b u t y r i c  a c i d ,  and 
s u c c i n i c  ac id  (2). I t  is immediately e v i d e n t  t h a t  t h i s  new degrada t ion  p rocedure  is  
p a r t i c u l a r l y  s u i t e d  t o  c a t a l o g i n g  and c a t e g o r i z i n g  t h e  a l i p h a t i c  s t r u c t u r e s  i n  c o a l s .  

The products  f rom t h e  H2O2-TFA-HZSO4 o x i d a t i o n s  have been examined i n  two ways. 
The nmr (nuc lea r  magne t i c  resonance)  s p e c t r a  of t h e  r e a c t i o n  mix tu re  p rov ides  an 
i n v e n t o r y  of t h e  hydrogen p r e s e n t  i n  t h e  p roduc t s .  A c e t i c  a c i d ,  s u c c i n i c  a c i d ,  and  
methanol  ( a s  t h e  t r i f l u o r o a c e t a t e )  can be e a s i l y  r ecogn ized  because they  g e n e r a t e  
s h a r p  s i n g l e t s  and because  t h e y  a r e  dominant p roduc t s .  The a b s o l u t e  y i e l d s  were 
determined u s i n g  ma lon ic  a c i d  a s  a n  i n t e r n a l  s t a n d a r d .  The n o n - v o l a t i l e  p roduc t s  can 
be  i s o l a t e d  by e v a p o r a t i o n  i n  vacuo, conve r s ion  t o  methyl esters, and examinat ion by 
nmr and gc (gas  chromatography) .  

It m u s t  be  emphasized t h a t  t h e r e  has  n o t  been s u f f i c i e n t  t i m e  or fund ing  t o  
o p t i m i z e  and s t a n d a r d i z e  p rocedures .  However, it has  been found t h a t  a c e t i c  a c i d  i s  
produced from a wider  v a r i e t y  o f  models i n  H202-TFA o x i d a t i o n s  t h a n  i n  H2O2-TFA-HZSO4 
o x i d a t i o n s .  
g roups .  The c u r r e n t  p rocedure  is  to  add 0.8 g of <20 mes'h c o a l  t o  a mix tu re  of  12 m l  
of  TFA, 1 5  ml of 96% H2S04, and 15 m l  of 30% aq. H ~ O Z .  
no t  enough t o  r e q u i r e  any p r e c a u t i o n s  w i t h  t h e  above amounts. The mix tu re  is hea ted  
f o r  f i v e  hours  a t  60°. 
10% P t  on a s b e s t o s  u n t i l  0 2  e v o l u t i o n  ceases  and a KI test f o r  pe rox ide  is n e g a t i v e .  

In t h e  l a t t e r ,  a c e t i c  a c i d  fo rma t ion  is mainly l i m i t e d  t o  a ry lme thy l  

A d d i t i o n  i s  exo the rmic ,  b u t  

A f t e r  c o o l i n g ,  i t  is impor t an t  t o  d e s t r o y  excess  pe rox ide  with 

Tab le  I summarizes d a t a  on p roduc t s  from o x i d a t i o n s  of c o a l .  Table  I1 summarizes 
d a t a  on model compounds. The d a t a  has  been submi t t ed  f o r  p u b l i c a t i o n  i n  g r e a t e r  
d e t a i l  ( 2 ) .  

Desp i t e  t h e  p r e l i m i n a r y  n a t u r e  of t h e  d a t a ,  s e v e r a l  conc lus ions  a r e  p o s s i b l e .  
N o  p r o p i o n i c  a c i d ,  b u t y r i c  a c i d ,  o r  i s o b u t y r i c  a c i d  were observed i n  t h e  p roduc t s  
f rom any  of t h e  c o a l s .  T h i s  e l i m i n a t e s  s t r u c t u r e s  i n v o l v i n g  e t h y l ,  p r o p y l ,  and 
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Table I. NMR Spectra of Solutions of Coals in H~OZ-TFA-HZSO~ 

coal H Obsvd. x 100/Total H in Coal 
r) 

Acetic Succinic alkyl Other 
acid acid other bands 
(2.186) (2.786) than sora 

Pittsburgh Seam 
79.5% H 5.2% H 

Illinois #6 
70.5% C 5.1% H 

Illinois #6 Monterey 
69.7% C 4.98% H 

Illinois #6 Monterey 
solvent refined 

Wyodak solvent refined 
87.0% C 6 .6% H 

Lignite North Dakota 
65.3% C.4.8 H 

(0-2.06) 

1.0 3.3 0 3.5 

5.7 8.9 0.5 2.6 

2.8 8.9 2.2 4.1 

4.4 2.4 1.0 2.8 

2.3 1.0 8.1 5.9 

0 10.6 50.6 20. 4a 

a This was entirely methanol as its trifluoractate. 

Table 11. H ~ O Z  -TFA-HzSOd Oxidations of Model Compounds 

Compound 

1,2-diphenylethane 
9 ,&d i hydrophenanthrene 
a cenaphthene 
indan 
5-hydroxyindan 
4,7-dimethylindan 

toluene 
1,4-dimethylbenzene 
1,3-dimethylbenzene 
1 ,2-dimethylbenzene 
ethylbenzene 
propylbenzene 
isopropylbenzene 
t -bu t yl benzene 
cyclohexylbenzene 
methoxybenzene 
3-phenyl-1-propanol 
tetralin and 6-hydroxytetralin 
1,3-diphenylpropane 

Predominant Product(s) 

succinic acid 
succinic acid 
succinic acid 
succinic acid 
succinic acid 
succinic acidb 
acetic acidb 
acetic acid 
acetic acid 
acetic acid 
acetic acid 
propionic acid 
butyric acid 
isobutyric acid 
(CH3 ) 3 CCOOH 
c-C, Hi COOH 
met ha no1 
but yrol actone 
cyclohexene-1 ,2-(CCOH)z 
glutaric acid 

% Yielda 
73 
71 
64 
27 
38 

68 
66 
66 
46 
71 
73 
32 

79 
75 
69 

a 
Computed on the basis of one mol of substrate yields one mol of 
product except for the three dimethylbenzenes where the basis was 
2 mols of acetic acid from one mol of substrate. 

bAcetic acid : succinic acid = 1.1. 
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i s o p r o p y l  a t t a c h e d  t o  an a r y l  r i n g .  These s t r u c t u r e s  have been r e p o r t e d  p r e v i o u s l y  
(3,4). While our  r e s u l t s  w i l l  be more r e l i a b l e  i f  confirmed by g c  s t u d i e s ,  t hey  seem 
reasonab ly  f i r m  now. Fur the rmore ,  t h e  p a s t  r e p o r t s  a r e  i n  some doubt because  t h e y  
depended,on F r i e d e l - C r a f t s  t y p e  o f  d e g r a d a t i o n s  (3) or tenuous a n a l y s i s  of broad 
a b s o r p t i o n  bands i n  nmr s p e c t r a  o f  c o a l  e x t r a c t s  (4). 

None of  t h e  b i tuminous  c o a l s  con ta ined  arylmethoxy a s  shown by t h e  complete  
absence  of methanol i n  the o x i d a t i o n  p roduc t s .  T h i s  a g r e e s  wi th  r e s u l t s  of Z e i s e l  
de t e rmina t ions  which a l s o  showed no methoxyl ( 5 ) .  T h i s  i s  p a r t i c u l a r l y  i n t e r e s t i n g  
because l i g n i t e  and l i g n i n  a r e  well-known t o  c o n t a i n  arylmethoxy groups.  In f a c t  an 
H202-TFA-HZSOp o x i d a t i o n  o f  l i g n i n  a t  2 5 O  showed 14.0% by weight arylmethoxy which i s  
t y p i c a l  f o r  l i g n i n s  (6 -8 ) .  A sample of  North Dakota l i g n i t e  showed 9.6% arylmethoxy.  
Both y i e l d s  were computed on t h e  b a s i s  t h a t  each arylmethoxy went q u a n t i t a t i v e l y  t o  
methanol .  N e i t h e r  l i g n i n  nor l i g n i t e  produced a c e t i c  a c i d  confirming t h e  w e l l -  
e s t a b l i s h e d  absence of  a r y l  methyl groups (6-8) .  Both produced s u c c i n i c  a c i d  
i n d i c a t i n g  u n s u b s t i t u t e d  ArCH2CH2-C components i n  t h e  s t r u c t u r e .  

A 1 1  c o a l s  produced a c e t i c  a c i d ,  bu t  i n  wide ly  v a r y i n g  amounts. The model s t u d i e s  
i n d i c a t e  t h a t  t h i s  a c e t i c  a c i d  comes from a ry lme thy l  groups and t h e  amount o f  a r y l -  
methyl can be  e s t i m a t e d  from t h e  d a t a  i n  Tab le  I .  In making t h i s  e s t i m a t e ,  i t  shou ld  
p robab ly  be assumed t h a t  t h e  y i e l d  of a c e t i c  a c i d  from e a c h  a ry lme thy l  is "70% based  
on t h e  models i n  T a b l e  11. 

The s u c c i n i c  a c i d  o r i g i n a t e s  from d i a r y l e t h a n e  or indan s t r u c t u r e s .  S i n c e  any  
indan  components i n  c o a l  would l i k e l y  have a l k y l ,  a lkoxy,  or hydroxy groups on t h e  
a r y l  r i n g ,  i t  was of p a r t i c u l a r  concern t o  u s  t o  show t h a t  such s u b s t i t u e n t s  d i d  n o t  
s i g n i f i c a n t l y  a l t e r  t h e  p r o d u c t i o n  of  s u c c i n i c  a c i d .  For t h i s  purpose bo th  4,7- 
d ime thy l indan  and 5-hydroxyindan w e r e  s t u d i e d  and both gave  s u c c i n i c  a c i d  a s  t h e  
dominant product  t h e  same a s  indan  i t s e l f .  

The q u e s t i o n  r ema ins  a s  t o  whether t h e  s u c c i n i c  a c i d  a r i s e s  from indan  or d i a r y l -  
e t h a n e  s t r u c t u r e s  or from some o t h e r  t y p e  of s t r u c t u r e  which has no t  been s t u d i e d .  
One b i t  of  ev idence  is s u g g e s t i v e  t h a t  i ndans  a r e  predominant ly  r e s p o n s i b l e  f o r  
s u c c i n i c  a c i d  formation.  Ox ida t ion  of indan wi th  H202-TFA-H2S04 gave no a c e t i c  a c i d  
whereas t h e  amounts of  a c e t i c  and s u c c i n i c  a c i d s  were comparable when H202-TFA was t h e  
o x i d i z i n g  agen t .  
o u t  t h e  H2SO4 in H202-TFA o x i d a t i o n s  caused t h e  y i e l d  of a c e t i c  a c i d  t o  more than  
doub le  (2). 

P i t t s b u r g h  Seam and I l l i n o i s  #6 c o a l s  showed s i m i l a r  e f f e c t s .  Leaving 

No a r y l  hydrogen appea red  i n  t h e  o x i d a t i o n  p roduc t s  d e s p i t e  t h e  f a c t  t h a t  benzo ic  
a c i d  i s  i n e r t .  T h i s  e l i m i n a t e s  benzoa te  esters a s  components o f  c o a l  s t r u c t u r e .  

The absence of  cyclohexene-1,2-dicarboxylic anhydr ide  shows t h a t  no t e t r a l i n  
s t r u c t u r e  can  be p r e s e n t  of t h e  t y p e  which a r e  u n s u b s t i t u t e d  on t h e  a l i p h a t i c  r i n g .  

The s o l v e n t  r e f i n i n g  ( l i q u i f a c t i o n )  of  c o a l  i s  though t  t o  i n v o l v e  thermal  
c l e a v a g e  of  benzyl  e t h e r s  and conve r s ion  of  t h e  benzyl  r a d i c a l s  t o  a ry lme thy l  by 
hydrogen a b s t r a c t i o n  (9-11) .  
t h i s  view i n  t h a t  t h e  y i e l d  o f  a c e t i c  a c i d  ( r e f l e c t i n g  a ry lme thy l )  i n c r e a s e d .  The 
y i e l d  of s u c c i n i c  a c i d  d e c r e a s e d  presumably r e f l e c t i n g  t h e  a r o m a t i z a t i o n  or desa tu -  
r a t i o n  of i ndan ,  d i a r y l e t h a n e ,  and p a r t i a l l y  reduced a r o m a t i c  s t r u c t u r e s .  

The d a t a  on Monterey Coal i n  Tab le  I is i n  accord wi th  

The re  i s  much t o  do i n  t h i s  f i e l d  i n  t h e  d i r e c t i o n  o f  va ry ing  t h e  o x i d a t i o n  
t e c h n i q u e  to  make it more s e l e c t i v e  and t o  i n c r e a s e  y i e l d s .  
h a s  been made in i d e n t i f y i n g  t h e  o t h e r  p roduc t s  of  H202-TFA-H2S04 o x i d a t i o n s  a l though  
t h e i r  a l i p h a t i c  n a t u r e ,  s m a l l  s i z e ,  and s imple  nmr s p e c t r a  sugges t s  t h a t  t h e i r  
i d e n t i f i c a t i o n  i s  f a c i l e .  

Furthermore,  no s t a r t  

3 
I 

.- 
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The total %H observed can be calculated by adding the columns in Table I. The 
highest was 81.9% for North Dakota Lignite and the lowest was 1.8% for Pittsburgh 
Seam Coal. This largely reflects the aromaticity of the coal. The aromatic hydrogens 
are completely lost while the aliphatic are largely preserved. However, even in model 
compounds loss of 30% of the aliphatic H was typical and the loss is even greater in 
certain aliphatic structures such as those on benzyl derivatives. 
observed in a typical bituminous coal such as Illinois #6 is a respectable 17.7%, this 
represents no more than about half of the total aliphatic hydrogen. 

Thus, while the %H 

We are deeply indebted to Dr. Malvina Farcasiu and Dr. Duayne Whitehurst for the 
last 4 substrates in Table I ,  for a sample of lignin, and for stimulating discussions. 
They will be coauthors with us in future papers on solvent refined coal and on lignin. 
We are also deeply indebted to Mr. Philip Dolsen and the Coal Research Station at 
The Pennsylvania State University for the first two substrates in Table I .  Complete 
analyses of these coals are available (2). We also wish to acknowledge stimulating 
discussions with Dr. Ron Liotta of Exxon Corp., Linden, New Jersey. 
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